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This study assesses bacterial denitrification at alkaline pH, up to 12, and high nitrate concentration, up to 400 
mM. Two types of electron donors organic (acetate) and inorganic (dihydrogen) were compared. With both types 
of electron donors, nitrite reduction was the key step, likely to increase the pH and lead to nitrite accumulation. 
Firsày, an acdin1ation process was used: nitrate was progressively increased in three cultures set at pH 9, 10, or 
11. This method allowed to observe for the first tinle nitrate reduction up to pH 10 and 100 mM nitrate with 
dihydrogen, or up to pH 10 and 400 mM nitrate with acetate. N itrate reduction kinetics were faster in the 
presence of acetate. To investigate further the inlpact of the type of electron donor, a transition from acetate to 
dihydrogen was tested, and the pH evolution was modelled. Denitrification with dihydrogen strongly increases 
the pH while with acetate the pH evolution depends on the initial pH. The main difference is the production of 
acidifying CO2 during the acetate oxidation. Finally, the use of long duration cultures with a highly alkaline pH 
allowed a nitrate reduction up to pH 11.5 with acetate. However, no reduction was possible in hydrogenotrophy 
as it would have increased the pH further. Instead, bacteria used organic marrer from inoculum to reduce nitrate 
at pH 11.5. Therefore, considering bacterial denitrification in a conrext of alkaline pH and high nitrate con­
centration an organic electron donor such as acetate is advantageous. 
1. Introduction
Nitrate pollution is a global environmental issue in which industiial 
effluents represent a major source of pollution. Bacterial deniti·ification 
may be the most economical and efficient way to deal with these ef­
fluents compared with other physicochemical nitrate removal tech­
niques (Kapoor and Viraraghavan, 1997; Mohsenipour et al., 2014). 
Bacterial deniti·ification is usually studied for nitrate removal in 
wastewater ti·eatment context, where authors seek to optimize the per­
formance of denitrification working at neuti·al pH values and relatively 
moderate niti ·ate concentrations (0.1-10 mM). However, some indus­
niai wastes are characterized by higher pH and nitrate concenti·ation 
ranges. For exan1ple, in a radioactive waste reposito1y, niti·ate concen­
ti·ations are expected to reach 1000 mM (Francis and Hatcher, 1980; 
Glass and Silverstein, 1999). Other effluents, such as those produced 
dming stainless steel production or the explosives industiy, may contain 
several tens (Femândez-Nava et al., 2008) to hundreds of mM of niti·ate 
(Marecik et al., 2013). Nitrate pollution may also occur in alkaline en­
vironments. Effluents from a stainless steel factory may have a pH of 9.6 
(Femândez-Nava et al., 2008). In the context of radioactive waste re­
positories, alkaline pH between 9 and 13, generated by the presence of 
cementitious materials, are expected (Albrecht et al., 2013; Alquier 
et al., 2014; Bertren et al., 2014; Durban et al., 2018). In addition, the 
question of the electron donor type (organic or inorganic) reducing ni­
ti·ate is relevant when considering industi·ial contexts. Usually, in do­
mestic wastewater ti·eatment processes, the presence of organic matter 
provides electi·ons for nitrate reduction. However, in some industiial 
context, the organic matter could be missing, leaving inorganic com­
pounds as the only alternative for electi·on source. For instance, in a 
radioactive waste reposito1y, dihydrogen generated in situ and/or 
organic acids are expected depending on the waste type (Gales et al., 
2004; Grebliunas and Peny, 2016; Libeit et al., 2011; Pedei·sen, 1997). 
Bacterial denitiification is a respiration process in which niti·ate is 
reduced to niti·ite, nitric oxide, niti·ous oxide and finally diniti·ogen. The 
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5 CH3COO + 8 NO3 → 10 CO2 + 4 N2 + 5 H2O + 9 OH (1)  
2 NO3 + 5 H2→ 4 H2O + N2 + 2 ​ OH (2) 
These two particular electron donors were compared because they 
are widely used in bacterial denitrification contexts (Dhamole et al., 
2007; Fernández-Nava et al., 2008; Karanasios et al., 2010), and are 
likely to be present in the industrial contexts mentioned above. Usually, 
denitrification is studied with organic electron donors to optimize ni-
trate removal yields. Indeed, during denitrification with dihydrogen 
(hydrogenotrophic metabolism), slower growth and nitrate reduction 
kinetics are generally observed (Albina et al., 2019; Ergas and Reuss, 
2001; Mateju et al., 1992). Authors explain it with: (i) the low solubility 
of dihydrogen which makes it less accessible, (ii) the need for hydro-
genotrophic (autotrophic) bacteria to assimilate inorganic carbon 
(Chang et al., 1999; Ghafari et al., 2009; Liu et al., 2014). In addition, 
alkaline pH and high nitrate concentration also strongly affect bacterial 
denitrification. High nitrate concentration inhibits bacterial activity 
(Banihani et al., 2009; Dhamole et al., 2007; Glass and Silverstein, 
1999). As a result, only a few studies have evaluated bacterial denitri-
fication in environments with nitrate concentrations greater than 100 
mM (Denariaz et al., 1989; Dhamole et al., 2007; Miao et al., 2015; 
Napier and Bustamante, 1988). High nitrate concentrations tend to 
cause considerable nitrite accumulations (Albina et al., 2019). Nitrite 
has been described as an inhibitor of bacterial activity with known 
toxicity (Baumann et al., 1997; Cua and Stein, 2011; Yarbrough et al., 
1980). Nitrite could, for instance, form free radical compounds with 
oxygen within cells (Richardson and van Spanning, 2007; Titov and 
Petrenko, 2003; Van Der Vliet et al., 1997). The pH generally affects the 
activity of enzymes; the pH limits tolerated by bacteria are between 11.5 
and 12 (Albina et al., 2020; Janto et al., 2012; Shapovalova et al., 2008; 
Sorokin, 2005). In alkaline medium, denitrifying activity slows down 
and nitrite accumulation is generally observed (Albina et al., 2019; Tang 
et al., 2011; Vasiliadou et al., 2006). 
Accordingly, the management of wastes and effluents in an envi-
ronment that combines high pH and high nitrate concentration is 
problematic, the bacterial activity will likely be severely slowed down. 
The issue is even more challenging when there is only an inorganic 
source of electron donors. As a result, the review of the literature 
revealed a lack of information regarding bacterial denitrification at 
alkaline pH or with high nitrate concentrations, and this lack is even 
greater when both conditions are considered simultaneously. To date, 
denitrification has not yet been tested for a combination of pH above 9 
and nitrate concentration above 120 mM (Albina et al., 2019). However, 
the nitrate depollution issue needs to be addressed even in a difficult 
environment. For instance, high nitrate concentrations could impact the 
speciation and mobility of radionuclides in radioactive waste (Albrecht 
et al., 2013; Francis and Hatcher, 1980). 
Therefore, the objective of this work is to evaluate the bacterial 
denitrification possibilities in environments characterized simulta-
neously by alkaline pH and high nitrate concentrations. Denitrification 
was assessed by monitoring nitrate and nitrite reductions. The experi-
ments were carried out with either organic acetate or inorganic dihy-
drogen. A new approach, based on predictive pH modelling allowed to 
assess the strong impact of the electron donor type on the pH evolution. 
To maximize the probability of observing bacterial activity in this 
context, long culture times and acclimation procedures (gradual in-
creases in pH or nitrate concentration) were used (Albina et al., 2020). 
Activated sludge from urban wastewater treatment plant was used to 
match with industrial contexts and to maximize the inoculum surviv-
ability. Indeed, activated sludge communities can adapt and reduce ni-
trate at high pH (Durban et al., 2020), high nitrate concentrations (Miao 
et al., 2015) and in hydrogenotrophy (Rezania et al., 2005). 
2. Materials and methods
2.1. Reactor medium
The reactor medium was cement leachate, a mineral medium 
representative of an aqueous system in a concrete dominated environ-
ment as in a radioactive waste repository. The cement leachate was 
manufactured from crushed, hydrated CEM V/A cement pastes. One 
gram per litre of crushed cement was poured into water and mixed at 
900 rpm for 24 h. The cement leachate was filtered and then stored in 
hermetic bottles saturated with dinitrogen. The average composition of 
the cement leachate is shown in Table 1. 
In the heterotrophic reactors, sodium acetate was added about three 
times a week to maintain its concentration at 20 mM. In the hydro-
genotrophic reactors, dihydrogen (1 bar) was bubbled at 80 mL min− 1. 
The leachate was supplemented with sodium nitrate at various con-
centrations (10–400 mM) and 50 mM sodium bicarbonate as a pH buffer 
(and as the inorganic carbon source for hydrogenotrophic bacteria). The 
pH was adjusted by additions of NaOH and HCl (10 M) to the reactors. 
2.2. Inoculum 
Activated sludge was collected in the aeration basin of the waste-
water treatment plant at Castanet near Toulouse, France. The collected 
sample was characterized by a nitrate concentration of 0.7 ± 0.4 mM, a 
pH of 7.6 ± 0.01, and 6.5 ± 1.5 g/L of suspended solids. The sample was 
centrifuged (4610 g, 10 min, 25 ◦C), then 1 g/L of the activated sludge 
was added to the fresh medium to initiate precultures. The precultures 
were carried out for about a week to adapt the bacteria to cement 
leachate at pH adjusted to 9–10 and nitrate utilization (10–50 mM) with 
acetate or dihydrogen depending on the experiment that was to follow. 
The reactors were then inoculated with a 50/50 (v/v) mixture of pre-
culture and fresh cement leachate. 
2.3. Reactor set-up 
The reactors were glass bottles (volume 1 L) agitated at 300 rpm 
(magnetic stirrer) and maintained at a temperature of 30 ◦C. They were 
kept anaerobic by a constant flow of dinitrogen (1 bar, 80 mL min− 1) in 
heterotrophy and of dihydrogen (1 bar, 80 mL min− 1) in hydrogeno-
trophy. The sequential batch reactors were operated in successive 
stages: a first batch period, during which nitrate reduction was moni-
tored, and a second period of partial renewal by fresh medium 50/50% 
(v/v) containing a higher concentration of nitrate. These two periods 
were repeated in cycles. During each stage of medium renewal, the 
agitation was stopped for a few hours before changing the medium. This 
operation allowed to keep the majority of the biomass decanted in the 
bottom volume of the reactor. The majority of experiments were con-
ducted in sequential batch reactors and were therefore subdivided into 
several batch periods; others were conducted with only one batch 
period. All the experimental set-ups are summarized in Table 2. The 
experiments involving dihydrogen had shorter duration for operational 
Table 1 
Average chemical composition of the cement leachate.  
Concentration (mM) pH 















use of organic versus inorganic matter to provide electron for nitrate 
reduction results in fundamental bacterial activity differences. For 
instance, the reactions with organic acetate and inorganic dihydrogen 
are presented in reactions (1) and (2) respectively. Acetate is a potential 
source of electrons and inorganic carbon. Furthermore, during denitri-
fication with acetate (heterotrophic metabolism) there is a generation of 
CO2 which has a strong impact on pH. 
Table 2 
Summary of the experimental set-ups reviewed in this srudy. 
Experimental set-up Reactor Electron Nitrate pH Duration 
set-up donor (mM) (days) 
High nitrate SBR• Acetate �00 9, 10, 108 
concentration (20 mM) 11 
with acetate 
Highly alkaline pH Batch Acetate 50 11.5, 234 
with acetate (20 mM) 12 
High nitrate SBR• H2 1�100 9, 10, 83 
concentration (1 bar, 11 
with dihydrogen 3o•q 
Highly alkaline pH Batch H2 50 11.5, 186 
with dihydrogen (1 bar, 12 
3o•q 
Transition from SBR• Acetate �100 9-11 48 
acetate to (20 mM) 
dihydrogen only to H2 (1 
bar, 30 °C) 
• SBR stands for sequential batch reactors.
and safety reasons. 
2.4. Analycical cechniques 
2.4.1. pH monicoring 
The pH was rnonitored using FisherBrand gelled electrolyte probes 
connected to a Consort data acquisition system (mode! C3060). co�­
and HCO3 concenn·ations were detemlined together by tin·ation with 
hydrochloric acid (HCI). 
2.4.2. Biomass analysis 
Bacte1ial poptùation diversity was analysed by sequencing 16S RNA. 
At the end of the experirnent, the biomass was centrifuged (4610 g, 10 
IllÎn, 4 °C), the total DNA present in the solid was extracted using 
QIAGEN DNeasy PowerBiofilm kits. The sarnples were sent to the 
Research and Testing Laboratory (RTL, Texas, USA), where the DNA was 
sequenced by PCR with the bacterial primers (515F 
GTGCCAGCMGCCGCGGTAA - 806R GGACTACHVGGGTWTCTAAT) 
according to RTL protocols. Subsequent data analyses of the DNA 
quality, DNA sequence alignment, clustering in operational taxonomie 
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2.4.3. Chemical analysis 
After filtration at 0.2 µm by cellulose acetate filters (Minsisart PES, 
Fisher Scientific) acetate, nitrate, and nitt·ite concentrations were 
determined by high-precision ion chromatography (Dionex ICS-2000 
and ICS-3000); the method is described in Alquier et al. (2014). 
3. Results and discussions
3.1. Denirrificari.on at high nicrace concencrari.on and alkaline pH 
3.1.1. Deniuificalion in the presence of acemce 
This experirnent was carried out in three sequential batch reactors set 
at pH 9, 10 and 11. Three successive batch periods (vertical lines in 
Fig. 1) allowed to increase the initial 50 mM nitrate conceritration to 200 
and 400 mM respectively on day 14 and 49. At the start of each batch 
period, the pH was readjusted to 9, 10 or 11. In Fig. 1 (A), the coloured 
numbers indicate the average nitrate reduction kinetics in mM.d-1, in 
Fig. 1 (B), they indicate the nitrite concentration that was reduced 
during each batch period as calculated from equation (3). 
(3) 
Drning the batch period at 50 rnM nin·ate, the reactor initially set at 
pH 9 had higher nitrate reduction rate. However, its nitrite reduction 
was low: only 15 mM of nittite was reduced building a 40 mM nin'ite 
accumulation, Fig. 1 (B). NB: The non-zero nicrice concencralions observed
at the beginning of each bacch period were caused by the possible presence of 
nicrice in the inoculum In reactors at pH 10 and 11, the nitrate was not 
fully consurned, therefore the nitrite accumulation was lower. 
Regarding the pH, it decreased in both reactors at initial pH 10 and 11, 
while it decreased then increased in the reactor at initial pH 9. Thus, the 
pH evolution was dependant of the initial pH. During the batch period at 
200 rnM nitrate, nitrate was reduced at the sarne rate regardless of the 
initial pH. The higher nitrite accumulation in the reactor at pH 9 during 
the former batch period probably led to a subsequent slowdown in 
bacterial activity. While the reactor at initial pH 11.0 acidified to 9.9, 
which could explain why the nitrate reduction kinetics in the reactor at 
pH 11 was not very different frorn those of reactors at initial pH 9 and 
10. In the batch period at 400 mM nitrate, nitrate was reduced at the
(B) 
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-♦- pH {pH initial 9) _...,_ pH {pH initial 10) _...,_ pH {pH initial 11) 
-<>-Nitrite at pH 9 --0- Nitrite at pH 10 -t:s-Nitrite at pH 11 
Fig. 1. Influence of a nitrate increase from 50 to 400 mM on the dynamics of nitrate reductions (A), and the evolurion of pH and nitrite concentrations (B) in 
heterotrophic reactors maintained at 20 mM acetate and supplemented with 50 mM bicarbonate. The coloured numbers above the cwves in graph (A) indicate the 
average nitrate reduction kinetics in mM.d 1• Those above the curves in graph (B) indicate the nitrite concentration reduced (mM) during each batch period.
same rate at initial pH 9 or 1 O. Nitrite was only reduced in the reactor at 
initial pH 9. Jt is difficult to draw a definitive conclusion at pH 11 given 
the ve1y low concentration of nitrate reduced compared to the initial 
concentration. Nitrate reduction is therefore possible at least up to pH 
10 and 400 mM nitrate. 
High nitrate concentrations slow down bacteiial activity (Bollag and 
Henninger, 1978; Dhamole et al., 2008; Glass et al., 1997; Glass and 
Silverstein, 1999). Among other things, high nitrate concentration 
seems to generate nitrite accumulation. Nitrite can inhibit bacterial 
activity at relatively low concentrations, of the order of 10 mM (Albina 
et al., 2019; Bollag and Henninger, 1978; Yarbrough et al., 1980). For 
example, nitrite can form cytotoxic free-radical species or block various 
metabolic activities (Van Spanning and Richardson, 2007; Yarbrough 
et al., 1980). In these experiment during the batch period at 400 mM 
nitrate, the nitrite accumulation increased from 40 to 80 mM which 
could explain the low nitrate reductions. In the reactor at pH 9, the ni­
trite accumulation in the first batch period slowed the subsequent ni­
trate reduction in the second batch period. This can explained by a 
denitrification regulation in order to limit internai accumulations of 
nitrite (Chen and Strous, 2013; Van Spanning and Richardson, 2007). A 
genetic regulation by transcription factors of the fumarate and nitrate 
reductase regulatoiy family has been observed in bacteria (Arai et al., 
i
1997; Crack et al., 2016; Kuroki et al., 2014; Silvestini et al., 1994). 
Various forms of metabolic regulation also have been observed. For 
example, competition for electrons between denitrification reductases 
was shown (Komaros et al., 1996; Kucera et al., 1986; Thomsen et al., 
1994). The nitrate reduction could also be controlled by the bacterial 
population evolution. In bacterial communities, rather than considering 
an uniform reaction, the denitrification is segmented by partially deni­
trifying bacteria that share the reduction steps between them (Lycus 
et al., 2017; Roco et al., 2017). Thus, in denitrifying communities, rather 
than performing ail four stages of denitrification, most bacteria will 
express only one or a few reduction steps. Since nitrite accumulation is a 
key parameter in denitrification, several authors have simply catego­
rized the bacterial communities into two types: "nitrate respiring" bac­
teria that only reduce nitrate to nitrite and cause nitrite accumulation, 
and "true denitrifier" bacteria that are capable of reducing nitrate and 
nitrite to dinitrogen (Dhamole et al., 2007; Glass and Silverstein, 1998; 
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kinetics observed for "nitrate respiring" bacteria can be three times 
higher than for "true denitrifier'' bacteria (Turk and Mavinic, 1987). 
Consequently, it is generally reported that, as long as nitrate is present, 
nitrate respiring bacteria dominate the community and nitrite accu­
mulation occurs. When nitrate becomes limiting, true denitrifier bacte­
ria dominate the population and nitrite accumulation disappears (Glass 
and Silverstein, 1998). Therefore, in the reactor at pH 9 during batch 
phase at 50 mM nitrate, it was assumed that at day 7 the nitrite accu­
mulation and nitrate limitation caused an evolution of the denitrifying 
community towards "true denitrifier'' bacteria. In the following batch 
period at 200 mM, the lower proportion of "nitrate respiring" bacteria in 
the reactor at initial pH 9 finally slowed the reduction of nitrate. 
3.1.2. Deniuification in the presence of dihydrogen 
In this dihydrogen-fed experiment, the initial 10 mM nitrate con­
centration was increased to 50 mM on day 5 and then to 100 mM on day 
19, in three sequential batch reactors at pH 9, 10 or 11, Fig. 2. In the 
reactor set at pH 11, acetate was added on day 75 in an attempt to restart 
bacterial activity. 
In the batch period at 10 mM nitrate, in the reactors at initial pH of 9 
and 10, the nitrate was completely reduced, Fig. 2 (A). In the reactor at 
initial pH of 11, only 5 mM nitrate was reduced. Nitrate and nitrite 
reduction kinetics were correlated to the initial pH of the reactor. In the 
batch period at 50 mM nitrate, nitrate was completely reduced at pH 9 
with reduction kinetics comparable to those for heterotrophy under the 
same conditions. Nitrite was only reduced in the reactor at pH 9. At pH 
10, the reduction of nitrate slowed down. At pH 11, nitrate was not 
reduced at ail. During the batch period at 100 mM, the nitrate reduction 
was still going on at pH 9 and 10. Nitrate reduction was therefore 
possible up to pH 10 and 100 mM nitrate in hydrogenotrophy. No 
bacterial reduction was going on at pH 11 and higher nitrate concen­
tration than 10 mM. However, the addition of acetate into the reactor at 
pH 11 on day 75 initiated bacterial activity: 40 mM nitrate was suddenly 
reduced and nitrite accumulated. Analyses of the bacterial communities 
were carried out on the final biomass of the three reactors. In reactors at 
pH 9 and 10, the genus Thauera sp., including several hydrogenotrophic 
denitrifiers species, was oveiwhelmingly represented (Fida et al., 2017; 
Macy et al., 1993). However, in the reactor at initial pH 11, the final 
addition of acetate resulted in the dominance of a heterotrophic 
10 + acetate (B) 
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--pH(pH inltial9) -+-pH (pH initial 10) _._ pH (pH initial 11) 
-<>- N itrlte at pH 9 -o-Nitrlte at pH 10 -t:r- Nitrite at pH 11 
Fig. 2. Influence of a nitrate increase from 10 co 100 mM on the dynamics of nitrate reduccions (A), and the evolucion of pH and nitrite concentrations (B) in 
hydrogenotrophic reactors fed with a constant flow of dihydrogen (1 bar, 80 mL min 1) and 50 mM bicarbonate. The coloured numbers above the curves in graph (A) 
indicate the average nitrate reduction kinetics in mM.d 1. Those above the curves in graph (B) indicate the nitrite concentration reduced (mM) during each 
batch petiod. 
denitrifying bacteria: Halomonas sp., (Alquier et al., 2014; Rafrafi et al., 
2017). Therefore, heterotrophic denitrification was advantageous at pH 
11. This conclusion can be explained by the pH evolution. lndeed in 
reactors at pH 9 or 10, regular manual addition of HCl was necessary to 
readjust the pH which was constantly increasing. These additions are 
indicated by the pH steps (dotted lines) in Fig. 2 (B). ln the reactor at 
initial pH 11, the pH remained constant as bacterial activity was low. 
After the addition of acetate, the medium quickly acidified to pH 10.2 
during nitrate reduction. There was an opposite pH evolution as soon as 
the denitrification used acetate as the electron donor. lt is quite clear 
that in these alkaline pH ranges, the more the pH is acidified, the more 
the bacterial activity is facilitated.
According to these results, hydrogenotrophic denitrification seems to 
tolerate lower pH and nitrate concentration compared to heterotrophic 
denitrification. Studies on heterotrophic denitrification tested pH from 
7.5 to 9.5 and nitrate concentrations from 10 to 100 mM and observed 
high nitrate reduction rate around 60-600 mM d-1 (Fernândez-Nava 
et al., 2008; Glass and Silverstein, 1998; Thomsen et al., 1994). Sorne 
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allowed nitrate reduction kinetics to reach 5000 mM d-1 (Kucera et al.,
1986). ln this present study, the nitrate reduction rates were globally 
lower. Experimental conditions, designed to approach the context of 
radioactive waste repositories, such as the low density of the inoculum, 
or the poor cementitious medium, slowed down the nitrate reduction 
rates. Under hydrogenotrophy, studies report nitrate reduction kinetics 
between 1 and 50 mM d-1. The pH and nitrate concentration ranges
generally tested are from pH 6.5 to 9.5 and nitrate concentrations from 1 
to 10 mM (Chang et al., 1999; Lee and Rittmann, 2003; Rezania et al., 
2005; Vasiliadou et al., 2006). These huge differences between the two 
types of electrons donors were explained by the low dihydrogen solu­
bility (Karanasios et al., 2010), and the need for (autotrophic) hydro­
genotrophic bacteria to assimilate inorganic carbon (Chang et al., 1999; 
Ghafari et al., 2009; Liu et al., 2014). Despite these differences, some 
authors have achieved kinetics of the order of 300 mM d-1 under
hydrogenotrophic conditions by increasing dihydrogen partial pressure 
which increased its solubility and its availability to bacteria (Epsztein 
et al., 2016). lt is also possible to increase dihydrogen solubility using 
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Fig. 3. Influence of a transition from acecace co dihydrogen on the dynamics of nitrate reductions (A), on the evolucion of niO'ite concentration (B), and pH (C). 
Reaccors fed wich a constant flow of dihydrogen (1 bar, 80 mL min 1), 50 mM bicarbonate and 20 mM acecace only ac the initial day. The coloured numbel'S above the 
curves in graph (A) indicate the average niO'ate reduccion kinetics in mM.d 1. Those above the curves in graph (B) indicate the niO'ite concentration reduced (mM) 





pH ​ pKa + Log(
[CO23 ]final
[HCO3 ]final
) 10.32 + Log(
[CO23 ]initial ± [CO
2
3 ]
[HCO3 ]initial ± [HCO3 ]
) (4)  
pH 10.32 + Log(
[CO23 ]initial + 38 [NO3 ]
[HCO3 ]initial + 78 [NO3 ]
) (5)  
pH 10.32 + Log(
[CO23 ]initial + [NO3 ]
[HCO3 ]initial ​ [NO3 ]
) (6) 
Equation (6) applies only when the initial bicarbonate concentration 
is higher than the denitrified nitrate concentration ([HCO3− ]initial >
[NO3− ]). Otherwise, HCO3− is depleted and carbonate species cannot act 
as a buffer. According to equations (5) and (6), in a reactor with 50 mM 
carbonate, different pH evolution curves are plotted as a function of the 
initial pH and the reduced nitrate concentration, Fig. 4. 
If the electron donor is acetate, the pH tends towards 10 during 
denitrification regardless of the initial pH. With dihydrogen, the pH 
increases regardless of the initial pH. Therefore, there is a fundamental 
difference in the pH evolution during denitrification between an organic 
or inorganic electron donor. The major reason is the production of CO2 
by the acetate oxidation, which as the potential to acidify the solution. 
Thus the hydrogenotrophic denitrification causes rapid alkalinization. 
In addition, in hydrogenotrophy, another phenomenon must be taken 
into account. Indeed, in the absence of organic carbon for growth, 
bacteria have to reduce and assimilate inorganic carbon. The con-
sumption of inorganic carbon, in the CO2 form (Blombach and Takors, 
2015) or HCO3− form (Chollet et al., 1996; Tong, 2013) unbalances the 
carbonate buffer in favour of the CO32− form, which increases the pH of 
the medium. Therefore, an additional explanation of the differences 
between heterotrophic and hydrogenotrophic denitrification is pre-
sented in this study. As the pH evolution is opposite between the two 
metabolisms, it strongly impacts the denitrification, especially in an 
alkaline environment. 
The evolution of the pH has been further investigated by considering 
the key step of nitrite reduction. It can be stated from reactions (7) and 
(8) that the nitrite influence on pH could be a cause of its adverse effect.
Indeed by comparing the OH− generation during nitrite reduction to
nitric oxide, reactions (7) and (8), with the OH− generation during the
whole denitrification, reactions (1) and (2), it appears the nitrite
reduction is the key step which produces OH− and generate alkalinity.
H2 + 2 NO2 → 2 NO + 2 ​ OH (7)  
CH3COO + 8 ​ NO2 + 3 H2O → 2 CO2 + 16 NO + 9 OH (8) 
Consequently, nitrite generally accumulates, so that denitrification 
takes place in two stages: reduction from nitrate to nitrite then reduction 
from nitrite to dinitrogen. Therefore, in presence of acetate, using the 
method of Albina et al. (2019), the pH evolution during the reduction of 
nitrate to nitrite and then of nitrite to dinitrogen can be respectively 
expressed with equations (9) and (10); in the pH range between 8 and 
12. The pH evolution curves in Fig. 5 were plotted from these equations.
In the presence of dihydrogen, the pH evolution during the denitrifica-
tion is only caused by the nitrite reduction. Thus, the pH evolution
during nitrite reduction is similar to Fig. 4 (B).
NO3 → NO2 pH 10.32 + Log(
[CO23 ]initial 28 [NO3 ]
[HCO3 ]initial + 68 [NO3 ]
) (9)  
NO2 → N2 pH 10.32 + Log(
[CO23 ]i + 58 [NO2 ]
[HCO3 ]i ​ + 18 [NO2 ]
) (10) 
NB: The final pH 10 during denitrification in Fig. 4 (A), is different 
from the final pH 11 during nitrite reduction in Fig. 5 (B). Indeed in 
Fig. 5 (B), the acidifying effect of nitrate reduction is not considered. To 
compare both figures, the final pH of Fig. 5 (A) and the carbonate 
generated during nitrate reduction must be considered. 
Therefore, with acetate during the reduction of nitrate to nitrite, the 
pH decreases regardless of its initial value, Fig. 5 (A). Then, during the 
reduction of nitrite to dinitrogen, the pH equilibrates towards 11, Fig. 5 
silicone tube reactors (Karanasios et al., 2010). In this present study, the 
limited solubility of dihydrogen allowed only 0.74 mM of dihydrogen to 
be dissolved at 30 ◦C and 1 bar. Even though dihydrogen was supplied 
continuously, adding 20 mM soluble acetate provided an electrons 
donor 27 times more concentrated, thus dihydrogen was a limiting ki-
netic factor. In addition, dihydrogen provides 2 electrons when oxidized 
to protons while acetate provides 8 electrons when oxidized to CO2, so 
there are potentially 108 times more electrons available in the presence 
of 20 mM acetate. This limitation of electron availability surely slowed 
down bacterial activity. 
3.2. Transition from acetate and dihydrogen to dihydrogen only 
In this experiment, the reactors were continuously fed with dihy-
drogen gas, and 20 mM acetate was added only on the first day of the 
experiment. Four batch periods were successively carried out with an 
initial nitrate concentration about 50 mM, the fifth batch period was 
initiated at 100 mM nitrate, Fig. 3. During the fourth batch period the 
reactors were adjusted at pH 9, 9.5, and 10. During the last batch period 
pH was adjusted at pH 9, 10 and 11, the reactors were named after this 
last batch period. The dotted pH jumps represent manual pH 
adjustments. 
The rapidly consumed acetate reached negligible concentrations on 
day 25, from that day the remaining bacteria were considered using 
mainly hydrogenotrophic metabolism (Fig. 3). During the two initial 
batch periods, when acetate was still present, high nitrate reduction 
rates were observed despite the initial pH at 10.3. That can be explained 
by the pronounced acidification of 2.5 pH units, Fig. 3 (C). As the du-
rations of the batch periods were short, denitrification was incomplete 
and nitrite accumulated up to 60 mM. Between day 10 and day 25, the 
acetate concentration became limiting and, as a result, the nitrate 
reduction kinetics were slowed down. From day 25, during hydro-
genotrophic metabolism, the pH was adjusted manually to finally reach 
pH 9, 10 and 11 in the last batch period, at the same time nitrate con-
centration was increased from 50 mM to 100 mM in the last batch 
period. Therefore, the nitrate reduction was possible up to pH 10 and 
100 mM nitrate, which confirms the previous findings in hydrogeno-
trophy, Fig. 2. It appears that nitrate reduction was strongly affected by 
pH rather than the nitrate concentration. Indeed, when the reactor at pH 
9 had an increase from 50 to 100 mM its nitrate reduction rate did not 
change. On the opposite increasing pH above 9.5 in the reactors strongly 
decreased the reduction rates. The relatively low pH sensitivity in het-
erotrophy and high pH sensitivity in hydrogenotrophy can again be 
explained by the pH evolution during denitrification. When acetate was 
still present the denitrification caused acidification, which allowed high 
nitrate reduction rate, as in Fig. 1. On the opposite, as in Fig. 2, in the 
presence of dihydrogen the denitrification caused alkalinization. 
3.3. pH evolution during denitrification 
This opposite pH evolution can be explained through calculation. In 
a medium buffered by carbonate, the Henderson-Hasselbalch equation 
allows determining the pH from carbonate concentration (Bhagavan and 
Ha, 2015; Davies and Moores, 2010) according to equation (4). The final 
concentration of CO −  and HCO−3 species can be expressed by their 
initial concentration together with the produced or consumed concen-
tration of CO −  and HCO−3 , which can be expressed in nitrate equivalents 
according to equations (1) or (2). The calculation, further detailed in 
Albina et al. (2019) results in equations (5) and (6). These equations 
express the final pH according to the nitrate concentration reduced to 
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(B). Experirnentally, when nitrate is reduced to nitrite and nitrite ac­
cumulates it causes a pH decrease. When nitrate becomes limiting, the 
reduction of nitrite causes an alkalinization toward pH 11. This shift in 
pH evolution due to nitrite reduction is visible in Fig. 1 (B) for the 
reactor at initial pH 9 on days 10 and 30. When considering the whole 
denitrification with acetate, the pH would always tend to 10, regardless 
of the initial pH. On the contrary under hydrogenotrophy, the pH in­
creases during nitrite reduction regardless of the initial pH and bacteria 
may be Jess inclined to resorb a nitrite accumulation. This could explain 
why the nitrate concentrations tolerated by hydrogenotrophic bacteria 
are lower especially at alkaline pH. Bacteria have to choose between 
reducing nitrite and raising the pH or letting the nitrite accumulate at 
levels that may be become toxic, both solutions making their environ­
ment more inhibiting. 
3.4. Deniuificari.on at highly alkaline pH 
3. 4.1. Denilrijicalion in che presence of acemœ 
Two reactors, of initial pH 11.5 and 12, containing 20 mM acetate 
and 50 mM nitrate, were monitored in batch mode, Fig. 6. Due to the 
high pH, the reactors were monitored over longer times periods (about 
200 days). ln the reactor at initial pH 12, manual acidification was 
carried out down to pH 11 on day 195 in an atternpt to activate nitrate 
reduction. 
ln the reactor at initial pH 11.5, nitrate reduction was initiated on 
day 90 and accelerated on day 180 when the medium acidified to pH 11, 
Fig. 6 (A). In the reactor at pH 12, the nitrate concentration rernained 
stable until day 195. By day 195, manual acidification to pH 11 allowed 
the start of nitrate and nitrite reduction. The medium was then sirnul­
taneously acidified, without operational intervention, from pH 11 to pH 
10.3. ln Fig. 6 (B), the evolution of pH and nitrite concentration are 
presented together to illustrate their interdependence. lndeed, in both 
(A) (B) 
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reactors, the acidifications were correlated to the nitrate reduction. 
Then, when the nitrite accumulated started to be reduced there was pH 
evolution shift, as explained in section 3.2. During nitrite reduction 
acidification stopped, and in the reactor at initial pH 12 the medium 
even started to alkalinize. ln Fig. 6, assuming that ail the nitrate and the 
nitrite were reduced to dinitrogen it is possible to confront the results 
with the model section 3.2. Starting with 50 mM nitrate at pH 11.5 or pH 
11.0 (the reactor at initial pH 12 was manually acidified to pH 11) the 
experimental final pH were respectively 10.5 and 10.3. According to 
Fig. 4 (A), the theoretical pH are respectively 10.5 and 10.4. Theoretical 
and experimental pH values were, therefore, really close. 
Therefore, bacterial denitrification at 50 mM nitrate is possible at pH 
11.5 but impossible in these conditions at pH 12 and it seems that pH 11 
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able to survive for about 200 days at pH 12 and then initiate their 
denitrifying activity when the environmental conditions became more 
favourable. These results confinn conclusions from the bibliography in 
which the maximum physiologically tolerated pH limit for bacteria is 
reported to lie between pH 11 and 12 (Rizoulis et al., 2012; Sorokin, 
2005; Watts et al., 2015). The pH has a strong impact on bacterial ac­
tivity as the pH affects ail enzyme activity, for instance, denitrification 
reductases have a functional optimum pH between 7.5 and 9.0 (Kucera 
et al., 1986; Thomsen et al., 1994). Therefore, using long time culture 
allowed to observe bacterial activity at a highly alkaline pH given the 
optimal pH for denitrification. Experimentation in highly alkaline en­
vironments requires rigorous medium pH control (Sorokin, 2005). 
Indeed, the medium pH can be quickly modified by bacterial activity, in 
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• Using acclimation protocols and long culture time, it was possible to
observe bacterial denitrification at high pH and high nitrate con-
centration simultaneously.
• High nitrate concentration or high pH causes nitrite accumulation
due to the difficulty for bacteria to reduce nitrite as it is toxic and
increases the pH.
• Denitrification strongly affects the pH of the medium. During deni-
trification with acetate, the pH tends to 10 while during denitrifi-
cation with dihydrogen the pH increases.
• Heterotrophic denitrification resulted in faster nitrate reduction ki-
netics and larger ranges of nitrate and pH tolerated by bacteria, 400
mM nitrate or pH 11.5.
• Hydrogenotrophic denitrifying bacteria tolerated concentrations of
nitrate up to 100 mM or pH up to 11.
• Hydrogenotrophic metabolism is affected by (i) the low solubility of
dihydrogen, (ii) the need for inorganic carbon assimilation, and (iii)
the adverse pH evolution.
• Therefore, as soon as the nitrate concentration is greater than 50 mM
or the pH is greater than 9, an organic electron donor such as acetate
is advantageous for bacterial denitrification.
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Writing Nadège Durban: Validation, Methodology Alexandra Bertron: 
Funding acquisition, Corrections, Supervision Achim Albrecht: 
Ressources, Supervision Jean-Charles Robinet: Funding acquisition, 
Project administration Benjamin Erable: Corrections, Supervision. 
Declaration of competing interest 
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 
Appendix A. Supplementary data 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jenvman.2020.111859. 
References 
Albina, P., Durban, N., Bertron, A., Albrecht, A., Robinet, J.-C., Erable, B., 2019. 
Influence of hydrogen electron donor, alkaline pH, and high nitrate concentrations 
on microbial denitrification: a review. Int. J. Mol. Sci. 20, 5163. https://doi.org/ 
10.3390/ijms20205163. 
Albina, P., Durban, N., Bertron, A., Schiettekatte, M., Albrecht, A., Robinet, J.-C., 
Erable, B., 2020. Adaptation of neutrophilic Paracoccus denitrificans to 
denitrification at highly alkaline pH. Environ. Sci. Pollut. Res. 1–8. https://doi.org/ 
10.1007/s11356-020-08360-9. 
Albrecht, A., Bertron, A., Libert, M., 2013. Microbial catalysis of redox reactions in 
concrete cells of nuclear waste repositories: a review and introduction. In: Cement- 
Based Materials for Nuclear Waste Storage, pp. 147–159. https://doi.org/10.1007/ 
978-1-4614-3445-0_14. 
Alquier, M., Kassim, C., Bertron, A., Sablayrolles, C., Rafrafi, Y., Albrecht, A., Erable, B., 
2014. Halomonas desiderata as a bacterial model to predict the possible biological 
nitrate reduction in concrete cells of nuclear waste disposals. J. Environ. Manag. 
132, 32–41. https://doi.org/10.1016/j.jenvman.2013.10.013. 
Arai, H., Kodama, T., Igarashi, Y., 1997. Cascade regulation of the two CRP/FNR-related 
transcriptional regulators (ANR and DNR) and the denitrification enzymes in 
Pseudomonas aeruginosa. Mol. Microbiol. 25, 1141–1148. https://doi.org/10.1046/ 
j.1365-2958.1997.5431906.x. 
Banihani, Q., Sierra-Alvarez, R., Field, J.A., 2009. Nitrate and nitrite inhibition of 
methanogenesis during denitrification in granular biofilms and digested domestic 
sludges. Biodegradation 801–812. https://doi.org/10.1007/s10532-009-9268-9. 
Baumann, B., van der Meer, J.R., Snozzi, M., Zehnder, A.J., 1997. Inhibition of 
denitrification activity but not of mRNA induction in Paracoccus denitrificans by 
nitrite at a suboptimal pH. J. Microbiol. 72, 183–189. 
Bertron, A., Jacquemet, N., Erable, B., Sablayrolles, C., Escadeillas, G., Albrecht, A., 
2014. Reactivity of nitrate and organic acids at the concrete – bitumen interface of a 
nuclear waste repository cell. Nucl. Eng. Des. 268, 51–57. https://doi.org/10.1016/ 
j.nucengdes.2013.11.085. 
Bhagavan, N.V., Ha, C.-E., 2015. Water, acids, bases, and buffers. In: Essentials of 
Medical Biochemistry. Elsevier, pp. 11–20. https://doi.org/10.1016/b978-0-12- 
416687-5.00002-6. 
Blombach, B., Takors, R., 2015. CO 2 – intrinsic product, essential substrate, and 
regulatory trigger of microbial and mammalian production processes. Front. Bioeng. 
Biotechnol. 3, 1–11. https://doi.org/10.3389/fbioe.2015.00108. 
Bollag, J.-M., Henninger, N.M., 1978. Effects of nitrite toxicity on soil bacteria aerobic 
and anaerobic conditions. Soil Biol. Biochem. 10. 
Chang, C.C., Tseng, S.K., Huang, H.K., 1999. Hydrogenotrophic denitrification with 
immobilized Alcaligenes eutrophus for drinking water treatment. Bioresour. Technol. 
69, 53–58. https://doi.org/10.1016/s0960-8524(98)00168-0. 
Chen, J., Strous, M., 2013. Denitrification and aerobic respiration, hybrid electron 
transport chains and co-evolution. Biochim. Biophys. Acta Bioenerg. 1827, 136–144. 
https://doi.org/10.1016/j.bbabio.2012.10.002. 
Chollet, R., Vidal, J., O’Leary, M.H., 1996. Phosphoenolpyruvate carboxylase: a 
ubiquitous, highly regulated enzyme in plants. Annu. Rev. Plant Physiol. Plant Mol. 
Biol. 47, 273–298. https://doi.org/10.1146/annurev.arplant.47.1.273. 
Crack, J.C., Hutchings, M.I., Thomson, A.J., Le, N.E., 2016. Biochemical properties of 
Paracoccus denitrificans FnrP : reactions with molecular oxygen and nitric oxide. JBIC 
J. Biol. Inorg. Chem. 71–82. https://doi.org/10.1007/s00775-015-1326-7. 
Cua, L.S., Stein, L.Y., 2011. Effects of nitrite on ammonia-oxidizing activity and gene 
regulation in three ammonia-oxidizing bacteria. FEMS Microbiol. Lett. 169–175. 
https://doi.org/10.1111/j.1574-6968.2011.02277.x. 
Davies, A., Moores, C., 2010. Carriage OF gases BY the blood and acid/base balance. In: 
The Respiratory System. Elsevier, pp. 99–118. https://doi.org/10.1016/b978-0- 
7020-3370-4.00008-6. 
Denariaz, G., Payne, W.J., Gall, J.L.E., 1989. A halophilic denitrifier, Bacillus 
halodenitrificans sp. nov. Int. J. Syst. Bacteriol. 39, 145–151. 
Dhamole, P.B., Nair, R.R., Lele, S.S., 2008. Denitrification of highly alkaline nitrate waste 
using adapted sludge. Appl. Biochem. Biotechnol. 151, 433–440. https://doi.org/ 
10.1007/s12010-008-8211-6. 
Dhamole, P.B., Nair, R.R., Souza, S.F.D., Lele, S.S., 2007. Denitrification of high strength 
nitrate waste. Bioresour. Technol. 98, 247–252. https://doi.org/10.1016/j. 
biortech.2006.01.019. 
the pH of the environment. 
3.4.2. Denitrification in the presence dihydrogen 
Two reactors adjusted to pH 11.5 and 12 were monitored in batch 
mode with 50 mM nitrate under a constant dihydrogen flow (1 bar, 80 
mL min−  1), Fig. 7. 
In the reactor initially at pH 11.5, only 10 mM nitrate was reduced 
while pH was acidified. The pH decreased despite the 
hydrogenotrophic conditions, which was contradictory with the above 
findings. The nitrate reduction started at day 105, after the initiation 
of the acidification when pH reached 11.2. Nitrite was not reduced 
and accumulated. The concentration of soluble carbonate (HCO−3 + CO 
−  ) increased by 11 mM in the reactor at initial pH 11.5. In an airtight 
reactor with a medium initially devoid of organic matter, the increase 
in inorganic carbon can only have come from one source: the 
mineralization of the inoculum biomass. Therefore, it was 
hypothesised that a part of the biomass was oxidized into inorganic 
carbon by some of the bacteria, which were thereby able to reduce 
nitrate. Analyses of the bacterial communities were carried out on the 
final biomass of the reactor. The reactor popu-lation was composed 
of 93% of Bacillus sp. The genus Bacillus is described as 
denitrifying, heterotrophic, and haloalkaliphilic (Denariaz et al., 1989; 
Preiss et al., 2015). More importantly, some species, such as Bacillus 
subtilis, are described as saprophytes i.e. capable of utilizing organic 
matter from other bacteria by releasing digestive enzymes (Ochiai 
et al., 2007). The presence of a dominant alkalophilic hetero-trophic 
bacteria capable of oxidizing the biomass of other bacteria gives 
credence to the hypothesis that at pH 11.5 nitrate was reduced by het-
erotrophic bacteria using the biomass provided by the inoculum. 
Therefore, hydrogenotrophic denitrification was not possible at pH 
11.5 in these experimental conditions. As for the reactor at pH 12, the 
nitrate was not reduced and the pH remained almost constant despite 
185 days of experiment; the pH was too high for both heterotrophic 
and hydro-genotrophic metabolisms. 
Erable, B., 2018. Nitrate and nitrite reduction at high pH in a cementitious 
environment by a microbial microcosm. Int. Biodeterior. Biodegrad. 134, 93–102. 
https://doi.org/10.1016/j.ibiod.2018.08.009. 
Durban, N., Sonois-Mazars, V., Albina, P., Bertron, A., Albrecht, A., Robinet, J.-C., 
Erable, B., 2020. Nitrate and nitrite reduction activity of activated sludge microcosm 
in a highly alkaline environment with solid cementitious material. Int. Biodeterior. 
Biodegrad. 151, 104971. https://doi.org/10.1016/j.ibiod.2020.104971. 
Epsztein, R., Beliavski, M., Tarre, S., Green, M., 2016. High-rate Hydrogenotrophic 
Denitrification in a Pressurized Reactor 286, pp. 578–584. https://doi.org/10.1016/ 
j.cej.2015.11.004. 
Ergas, S.J., Reuss, A.F., 2001. Hydrogenotrophic denitrification of drinking water using a 
hollow fibre membrane bioreactor. J. Water Supply 50. 
Fernández-Nava, J., Maranón, E., Soons, J., Castrillón, L., 2008. Denitrification of 
wastewater containing high nitrate and calcium concentrations. Bioresour. Technol. 
99, 7976–7981. https://doi.org/10.1016/j.biortech.2008.03.048. 
Fida, T.T., Gassara, F., Voordouw, G., 2017. Biodegradation of isopropanol and acetone 
under denitrifying conditions by Thauera sp. TK001 for nitrate-mediated microbially 
enhanced oil recovery. J. Hazard Mater. 334, 68–75. https://doi.org/10.1016/J. 
JHAZMAT.2017.03.061. 
Francis, C.W., Hatcher, C.W., 1980. Biological denitrification of high-nitrates wastes 
generated in the nuclear industry. Environ. Sci. Div. 
Gales, G., Libert, M.-F., Sellier, R., Cournac, L., Chapon, V., Heulin, T., 2004. Molecular 
hydrogen from water radiolysis as an energy source for bacterial growth in a basin 
containing irradiating waste. FEMS Microbiol. Lett. 240, 155–162. https://doi.org/ 
10.1016/j.femsle.2004.09.025. 
Ghafari, S., Hasan, M., Aroua, M.K., 2009. Improvement of autohydrogenotrophic nitrite 
reduction rate through optimization of pH and sodium bicarbonate dose in batch 
experiments. J. Biosci. Bioeng. 107, 275–280. https://doi.org/10.1016/j. 
jbiosc.2008.11.008. 
Glass, C., Silverstein, J., 1999. Denitrification of high-nitrate, high-salinity wastewater. 
Water Res. 33, 223–229. https://doi.org/10.1016/S0043-1354(98)00177-8. 
Glass, C., Silverstein, J., Oh, J., 1997. Inhibition of denitrification in activated sludge by 
nitrite. Water Environ. Fed. 69, 1086–1093. 
Glass, C.C., Silverstein, J., 1998. Denitrification kinetics of high nitrate concentration 
Water : pH effect on inhibition and nitrite accumulation. Water Res. 32, 831–839. 
https://doi.org/10.1016/S0043-1354(97)00260-1. 
Grebliunas, B.D., Perry, W.L., 2016. Carbon limitation of sediment bacterial production 
and denitrification in high nitrate low carbon systems. Environ. Earth Sci. 75, 1–9. 
https://doi.org/10.1007/s12665-016-5464-1. 
Janto, B., Ahmed, A., Ito, M., Liu, J., Hicks, D.B., Pagni, S., Fackelmayer, O.J., Smith, T., 
Earl, J., Elbourne, L.D.H., Paulsen, I.T., Kolstø, A., Tourasse, N.J., Ehrlich, G.D., 
Boissy, R., Ivey, D.M., Li, G., Xue, Y., Ma, Y., Hu, F.Z., 2012. The genome of 
alkaliphilic Bacillus pseudofirmus OF4 reveals adaptations that support the ability to 
grow in an external pH range from 7.5 to 11.4. Environ. Microbiol. 13, 3289–3309. 
https://doi.org/10.1111/j.1462-2920.2011.02591.x. The.  
Kapoor, A., Viraraghavan, T., 1997. Nitrate removal from drinking water—review. 
J. Environ. Eng. 123, 371–380. https://doi.org/10.1061/(ASCE)0733-9372(1997) 
123:4(371). 
Karanasios, K.A., Vasiliadou, I.A., Pavlou, S., Vayenas, D.V., 2010. Hydrogenotrophic 
denitrification of potable water : a review. J. Hazard Mater. 180, 20–37. https://doi. 
org/10.1016/j.jhazmat.2010.04.090. 
Kornaros, M., Zafiri, C., Lyberatos, G., 1996. Kinetics of denitrification by Pseudomonas 
denitrificans under growth conditions limited by carbon and/or nitrate or nitrite. 
Water Environ. Res. 68, 934–945. https://doi.org/10.2175/106143096X127947. 
Kucera, I., Vladimir, Dadak, Roman, Matyasek, 1986. The influence of pH on the kinetics 
of dissimilatory nitrite reduction in Paracoccus denitrificans. Biochim. Biophys. Acta 
848, 1–7. 
Kuroki, M., Igarashi, Y., Ishii, M., Arai, H., 2014. Fine-tuned regulation of the 
dissimilatory nitrite reductase gene by oxygen and nitric oxide in Pseudomonas 
aeruginosa. Environ. Microbiol. Rep. 6, 792–801. https://doi.org/10.1111/1758- 
2229.12212. 
Lee, K.-C., Rittmann, B.E., 2003. Effects of pH and precipitation on 
autohydrogenotrophic denitrification using the hollow-fiber membrane-biofilm 
reactor. Water Res. 37, 1551–1556. https://doi.org/10.1016/S0043-1354(02) 
00519-5. 
Libert, M., Bildstein, O., Esnault, L., Jullien, M., Sellier, R., 2011. Molecular hydrogen : 
an abundant energy source for bacterial activity in nuclear waste repositories. Phys. 
Chem. Earth 36, 1616–1623. https://doi.org/10.1016/j.pce.2011.10.010. 
Liessens, J., Vanbrabant, J., De Vos, P., Kersters, K., Verstraete, W., 1992. Mixed culture 
hydrogenotrophic nitrate reduction in drinking water. Microb. Ecol. 24, 271–290. 
https://doi.org/10.1007/BF00167786. 
Liu, F., Huang, G., Fallowfield, H., Guan, H., Zhu, L., Hu, H., 2014. Study on 
Heterotrophic-Autotrophic Denitrification Permeable Reactive Barriers (HAD PRBs) 
for in Situ Groundwater Remediation, SpringerBriefs in Water Science and 
Technology. Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642- 
38154-6.  
Lycus, P., Lovise Bøthun, K., Bergaust, L., Peele Shapleigh, J., Reier Bakken, L., 
Frostegård, Å., 2017. Phenotypic and genotypic richness of denitrifiers revealed by a 
novel isolation strategy. ISME J. 11, 2219–2232. https://doi.org/10.1038/ 
ismej.2017.82. 
Macy, J.M., Rech, S., Auling, G., Dorsch, M., Stackebrandt, E., Sly, L.I., 1993. Thauera 
selenatis gen. Nov., sp. nov., a member of the beta subclass of proteobacteria with a 
novel type of anaerobic respiration. Int. J. Syst. Bacteriol. 43, 135–142. https://doi. 
org/10.1099/00207713-43-1-135. 
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